Evidence obtained with an improved in vivo assay of fimbrial phase variation in Escherichia coil supported a revised understanding of the roles offimB andfimE in the site-specific DNA rearrangement with which they are associated. A previously proposed model argued thatfimB andfimE play antagonistic, unidirectional roles in regulating the orientation of the invertible DNA element located immediately upstream offimA, the gene encoding the major subunit of type 1 fimbriae. This conclusion, though, is based on an in vivo DNA inversion assay using recombinant plasmid substrates under conditions that, among other things, were incapable of detecting recombination of thefim invertible element from the on to the off orientation. Using a modified system that overcame this and several additional technical problems, we confirmed thatflmB acts independently of fimE on the invertible element and that the additional presence offimE results in the preferential rearrangement of the element to the off orientation. It is now demonstrated that fimE can act in the absence offimB in this recombination to promote inversion primarily from on to off. In contrast to the previous studies, the effect offfimB on a substrate carrying the invertible element in the on orientation could be examined. It was found that fimB mediates DNA inversion from on to off, as well as from off to on, and that, contrary to prior interpretations, the flimB-associated inversion occurs with only minimal orientational preference to the on phase.
Type 1 fimbriae, produced by many members of the family Enterobacteriaceae, are multisubunit proteinaceous appendages that mediate mannose-sensitive bacterial adherence to eukaryotic cells. In Escherichia coli, these organelles have been implicated in promoting colonization and subsequent infection. The genes encoding type 1 fimbriae in E. coli are positioned at 98 minutes on the chromosomal map (8) . The oscillating on-and-off expression of the organelles, a process known as phase variation, is correlated with the inversion of a 314-bp DNA sequence immediately upstream offimA (1, 5) . Type 1 fimbriae are produced when the invertible element is in one orientation (on) and are not produced when the invertible element is in the alternate orientation (off), presumably because of the presence of a promoter within the invertible element.
A number of genes have been identified whose products affect the invertible element in trans, several mapping at sites distant from fim. One such gene, pilG (osmZ) (20, 32) , recently shown to encode the histonelike protein HI (21, 25) , alters the frequency of inversion by an unknown mechanism. Two other genes, himA and himDlhip, which together encode integration host factor (IHF), are required for efficient recombination of the fim invertible element (11, 15) . IHF is a heterodimeric DNA-binding and -bending protein which was initially identified for its role in bacteriophage lambda integration and excision (reviewed in reference 17) . Two additional genes required for the inversion event, fimB and fimE (hyp), map immediately adjacent to the fim invertible element (23, 24, 27) . It has been suggested that the relative concentrations of the FimB and FimE proteins determine the orientation of the fim invertible element as well as its frequency of inversion (28) . The predicted amino acid sequences of the FimB and FimE proteins show significant * Corresponding author.
homology to members of the integrase family of site-specific DNA recombinases (11, 15) , suggesting that FimB and FimE are themselves recombinases that act in the context of IHF.
An in vivo inversion assay based on simultaneous carriage of two compatible plasmids, each carrying either the invertible element or the trans-active genes (fimB and/or fimE), was previously used to study the roles offimB and fimE in recombination (23) . Results led to a model in which fimB mediates DNA inversion from the off to the on orientation and fimE mediates inversion from on to off. The assay, however, did not examine the ability of fimB to mediate inversion from on to off; nor did it directly demonstrate that fimE can act in the absence of fimB in promoting the on-to-off inversion. In addition, the model does not agree with observations of the recombination event as it occurs on the chromosome offimE mutants (5, 27 Oligomer 3222 hybridizes at the 3' end offimE, including the sequence corresponding to the stop codon, and includes eight additional nucleotides that include a BamHI site but that are not found in thefim sequence. These two oligomers were used in a polymerase chain reaction with pIB238 as a template. The polymerase chain reaction product was digested with StuI and BamHI and cloned into StuI-BamHIcut pIB238. The resulting plasmid, pMM39, contains nofim DNA sequences 3' from the end of the fimE coding region. Oligomers 3221 and 3222 were used to sequence the amplified region of pMM39 as well as the corresponding region of pIB238 to confirm that no errors were introduced during the polymerase chain reaction. Plasmid pMM39 was cut with BglII and recircularized to delete the -970-bp BglII fragment (23) . The resulting plasmid is pMM61.
Plasmid pMM61 was digested with HpaI and BamHI and treated with Klenow enzyme and deoxynucleoside triphosphates, and the large fragment was recircularized. The resulting plasmid is pMM63. Plasmid pMM61 was also digested with BglII and HpaI and treated with Klenow enzyme and deoxynucleoside triphosphates, and the large fragment was recircularized. The resulting plasmid is pMM65.
Detecting type 1 fimbriae production. Bacteria were screened for production of type 1 fimbriae by assaying for mannose-sensitive agglutination of yeast cells (13) .
RESULTS
Confirmation of roles offim.B andfimE in a noncomplementing Afim strain. The genetic analysis of cloned (plasmidbased) systems in E. coli is confounded by several problems, including background expression from native genes, interplasmid recombination between homologous sequences, and selection bias resulting from multicopy expression of the products of the cloned genes. In the initial study of the roles of fimB and fimE, these genes were expressed from one plasmid, the fim invertible element (the substrate) was cloned on another, compatible plasmid, and the host was E. coli HB101 (Fim-) (23) . Unfortunately, it has recently been found that this host strain not only contains fim sequences (4) but also supports inversion of the cloned 314-bp fim element (4, 28) . Therefore, we chose a new host, E. coli AAECO78, which contains a verified deletion of all known fim genes, including fimB and fimE, and does not support recombination of a cloned copy of thefim invertible element (4 of the fimE coding region, thereby eliminating the left inverted repeat sequence of the invertible element. These three plasmids, pMM61 (fimB fimE), pMM63 (fimB), and pMM65 (fimE), are diagrammed in Fig. 1 . We found no evidence of intermolecular recombination between any of these plasmids and any of the inversion substrate plasmids described below. Our initial recombination studies used plasmid pMM17 (Fig. 1) as the inversion substrate. Plasmid pMM17 carries all the known fim genes except for fimB and fimE; it is identical to the substrate used in previous studies (23) in all respects, except for the source of the cloned fim genes. Plasmid pMM17 can exist in either of two isomeric forms, depending on the orientation of the fim invertible element (i.e., either pMM17-off or pMM17-on), which can easily be distinguished by restriction analysis with an enzyme that cuts asymmetrically within the invertible segment.
Strain AAECO78 carrying pMM17 alone was Fim-; restriction analysis of pMM17 isolated from this strain revealed that the invertible element was exclusively in the off orientation (Fig. 2B, lane 2) . When AAECO78 pMM17-off was transformed with the compatible plasmid, pMM61 (fimB fimE), the resulting bacteria were Fim+. Restriction analysis of plasmid DNA isolated from these bacteria indicated that the off isomer of pMM17 predominated (Fig. 2B, lane 3) , as expected from previous studies (23) . Results obtained when AAECO78 pMM17-off was transformed with either pMM63 (fimB) or pMM65 (fimE) (Fig. 2B, lanes 4 and 5) were also essentially the same as the results of previous studies (23) . That is, roughly equal amounts of pMM17-off and pMM17-on were observed in the presence of fimB alone, whereas predominantly pMM17-off was observed in the presence offimE alone.
Neither the above experiments nor previous studies (23) ruled out the possibility that fimB, in addition to a role in recombination of the fim invertible element from the off to the on orientation, is also involved in recombination from on to off. These experiments also failed to demonstrate the fimB-independent role of fimE in recombination of the fim invertible element from the on to the off orientation. To address these concerns, we felt it was necessary to observe the effects of fimB and fimE on a recombination substrate with the fim invertible element starting exclusively in the on orientation.
Use of himA mutants to isolate pMM17-on. Previous studies attempted to purify the on isomer of an inversion substrate plasmid similar to pMM17 but were unable to do so with strain HB101 as the host (23) . It was concluded that cells harboring the substrate in the on orientation were nonviable. In light of recent reports that HB101 supports inversion of a plasmid-bome copy of the fim invertible element (28), we attempted to isolate pMM17-on using the noncomplementing strain AAECO78 as the host. Although we could recover mixed isomers of pMM17 from a host also carrying pMM63 (fimB), none of the pMM63-pMM17+ transformants of AAECO78 that were recovered subsequently by using this mix of plasmids carried exclusively pMM17-on. We postulate that this failure to isolate pMM17-on was due to the expected lethal effect of the high-level expression of fimbriae (or fimbrial subunits) from the multicopy pMM17-on. To investigate this possibility, we repeated the mixed-plasmid transformation in the Afim AhimA strain VL821. We have recently found that fimbrial expression is markedly reduced in the absence of IHF (30) , which is encoded in part by himA (17) . Transformants carrying only pMM17-on were readily obtained when the same mixture of pMM17 and pMM63 was used to transform VL821. These transformants were always Fim+, presumably because of the counterbalancing effects of increasedfim expression from the multicopy plasmid and decreasedfim expression resulting from the absence of IHF. Purified pMM17-on could efficiently transform the Afim AhimA strain AAECO88 (as well as VL821); however, this isomer was still unable to transform the isogenic strain AAECO78.
Construction of substrate plasmids resistant to orientational bias. Although we were able to isolate pMM17-on in AAECO88 and VL821, we could not then study the effects of fimB and fimE on the DNA inversion in these genetic backgrounds, since IHF is needed for this process (11, 15) . We therefore constructed a new set of substrate plasmids that would be resistant to the orientational bias observed with pMM17. Plasmids pMM34 and pMM36, which each contain the fim invertible element, lack the rest of the fim genes; they are identical except for the orientation of the invertible element (Fig. 1) . To minimize orientation-specific transcriptional effects on the replication efficiency of these plasmids, the invertible element was bounded by a pair of transcription terminators positioned to block transcripts initiating from within the cloned segment of fim DNA (33; data not shown). These measures markedly reduced or eliminated the orientational bias observed with pMM17; both pMM34 (isolated as the off isomer) and pMM36 (isolated as the on isomer) were stable in AAECO78.
Analysis of recombination in the absence of orientational bias of the invertible element. DNA inversion results obtained with pMM34 (off) as the substrate, in conjunction with pMM61, pMM63, or pMM65, were qualitatively similar to those observed with pMM17 (data not shown). These results indicated that all the substrate sequences necessary for DNA inversion on a plasmid substrate are contained on the short sequence offim DNA carried by pMM34. Orientation results obtained with pMM34 were quantitatively similar to those seen when the on-oriented plasmid pMM36 (Fig. 3) The presence of significant amounts of on and off isomers obtained when any substrate plasmid was complemented withfimB alone (pMM63; Fig. 3B, lane 4) indicated thatfimB promotes recombination of thefim invertible element in both directions. Moreover, the finding of predominantly off isomers when complementation was with fimE alone (pMM65; Fig. 3B, lane 5) , even when starting with exclusively on substrate (pMM36), demonstrates for the first time thatfimE, in the absence of fimB, promotes recombination of the fim invertible element from the on to the off orientation. We next determined whether fimE alone was able to mediate any inversion to the on orientation by starting with substrate that was exclusively in the off orientation (pMM34). Southern hybridization analysis, using a probe that hybridizes to the invertible element and some flanking sequences, revealed the presence of a small amount of pMM34-on DNA from the pMM34-pMM65 mixture but not from pMM34 propagated alone (data not shown). Thus, fimE is capable of promoting a small amount of off-to-on inversion, but its major effect is to mediate on-to-off inversion.
Environmental effects on orientation of plasmid-borne invertible element. Cultures of E. coli produce more type 1 fimbriae when grown in static broth than cultures grown either in shaking broth or as colonies on agar (5, 26) . Although this differential expression has been ascribed mostly, if not entirely, to selection of fimbriate cells in static broth culture, the possibility of environmental regulation of the invertible element has not been excluded. Since the phase-variable expression of type 1 fimbriae correlates with the orientation of the fim invertible element, we reasoned that our in vivo assay system might detect such environmental regulation. To do so, it would have to demonstrate differences in the orientation of the invertible element in nonselectable (afimbriate) bacteria grown under different environmental conditions. Therefore, we determined the orientation of the invertible element, as carried by an inversion substrate plasmid (pMM17, pMM34, or pMM36), in AAECO78 cells containing pMM61 (fimB fimE) that were grown under various conditions. We found no difference in the equilibrium orientation of the DNA element among bacteria grown in static broth, in well-aerated broth, or in pooled colonies (data not shown).
DISCUSSION
Results from a recent study using recombinant plasmids have provided a model of the roles of fimB and fimE in the site-specific recombination event associated with the phase variation of type 1 fimbriae (23). Namely, fimB and fimE act antagonistically in orienting the DNA invertible element; fimB promotes inversion from off to on, whereas fimE promotes the reverse. Although this model has gained wide acceptance (19, 22) , observations by us (4, 5) and others (27, 28) have compelled a reexamination for two important reasons. First, the host strain used in the previous studies, HB101, reported previously to be Afim (24) , is now known to contain a significant amount offim DNA (4). Moreover, one report indicates that this strain is capable of supporting recombination of the cloned invertible element even in the absence of plasmid-borne copies of fimB and fimE (28) . Second, analysis of inversion on the chromosome (i.e., the native state of the system) suggests that fimB is capable of promoting rearrangement of the phase variation switch in both directions (5, 27) .
In addition to these problems, the previous study (23) was incapable of determining the ability of eitherfimB orfimE to promote inversion from the on to the off orientation. The plasmid construct used in that study could not be isolated in the on orientation, either because the on isomer was lethal, presumably owing to overexpression of the fim organellespecific products, or because the on isomer was rapidly converted to off in the host strain used.
In preliminary experiments, we replicated as faithfully as possible the previous plasmid-based study (23) , using apparently identical plasmids but in a well-characterized Afim strain (AAECO78) as the host (4) . We have recently shown that AAECO78 does not support inversion of thefim invertible element carried on a plasmid that lacks thefim genes (4). Thus, we were able to isolate, in pure form, certain plasmid isomers differing only in the orientation of the invertible DNA element (4) . Nevertheless, in the present study, we were still unable to isolate transformants of AAECO78 containing pMM17 as the on isomer, strongly suggesting that the presence of this form of the plasmid is, indeed, lethal, presumably from overexpression of fimbriae.
We believe that the results of previous studies (23) and the results from our preliminary studies with pMM17 (while both are consistent with the current model) do not fully support the concept that fimB and fimE play antagonistic, unidirectional roles (23) . We feel that there are other explanations for these results, given the inability of this system to detect recombination of the fim invertible element from the on to the off orientation. It could not be determined whetherfimB promotes recombination in both directions or whether fimE has a role independent offimB in promoting recombination from the on to the off orientation. To address these concerns, it was necessary to isolate plasmid isomers, pMM34 and pMM36, that were identical except for the orientation of the fim invertible element. Unlike pMM17, these plasmids lacked all fim genes. Perhaps consequently, they also failed to exhibit the orientational bias seen with plasmid pMM17.
Using pMM34 (initially isolated as the off isomer) and pMM36 (initially isolated as the on isomer), we found that fimB promotes recombination in both directions. Contrary to our results with pMM17, a majority of the plasmid substrates pMM34 and pMM36 were present in the on orientation. These results indicate that fimB, in the absence of orientational bias on the part of the substrate plasmid, promotes inversion in either direction, with a moderate preference for inversion from the off to the on orientation. These results do not fully support the current model (23) but rather are consistent with observations of recombination on the chromosome offimE mutant strains;fimE mutants exhibit recombination in both directions, with a slight preference in favor of the on orientation (5, 12) . It seems likely, based on the results reported here as well as the recent observation that strain CSH50 carries a mutation in fimE (5) , that fimB is equivalent to the uncharacterized trans-active factor previously found in strain CSH50 to map nearfimA (16) .
The inversion-substrate plasmids pMM34 and pMM36 also provided a clear demonstration of thefimB-independent role offimE. An inversion-substrate plasmid that initiated in the on orientation (pMM36) was isolated almost entirely in the off orientation when complemented withfimE (pMM65). This indicates that fimE in the absence of fimB promotes recombination of the fim invertible element from the on to the off orientation. A Southern analysis, used as a more sensitive assay of the activity of fimE, demonstrated that fimE also has a small amount of activity in promoting recombination of the fim invertible element from the off to the on orientation. Whether this activity is observed in recombination of the fim invertible element on the chromo-some of fimB mutant strains remains to be seen. It is also unclear what, if any, its biological significance might be.
Taken together, the results reported here support a new model for the roles of fimB and fimE in the recombination event associated with the phase variation of type 1 fimbriae expression: fimB promotes recombination of the fim invertible element in both directions with only moderate orientational preference, whereas fimE promotes recombination primarily from the on to the off orientation. The fact that fimB promotes recombination of thefim invertible element in both directions might seem to make the function of fimE superfluous. We would now argue, however, that the regulation of type 1 fimbriae expression is more complex than previously believed. In fact, we have recently shown that fimE plays an important, perhaps primary, regulatory role in phase variation (5) .
Despite the apparent reconciliation of results observed from recombination on a plasmid-based substrate with those from the native recombination process on the chromosome, we do note some differences. In the plasmid system, changing the growth conditions had no effect on the proportion of invertible elements in the on versus the off orientation. In contrast, growth conditions are known to markedly influence the orientation of the chromosomally located invertible element (5, 26) . Part, if not all, of this growth effect is likely due to the variable selection of fimbriate or nonfimbriate bacteria (14) . Alternatively, it is possible that the plasmid substrates used in this study lack certain cis-acting sites needed for these growth effects.
Although plasmid-based studies are powerful probes of certain aspects of recombination systems, they all suffer the generic problems involving gene dosage and, perhaps, topology. We are currently conducting a complementary analysis of the roles of fimB and fimE on recombination of the fim invertible element on the chromosome. To do so, we will be using a recently developed allelic exchange system (6) to construct isogenic mutants. It is hoped that studying thefim recombination in its native location, organization, stoichiometry, and topology will permit insights otherwise unavailable.
